Q uantifi cation of the relationship between detachment rate and sediment load is needed to understand soil erosion processes and to develop physically based soil erosion models. Th ree diff erent approaches have been used to estimate the relationship between the soil detachment rate and sediment load Knapen et al., 2007) . Th e fi rst approach simulates detachment as a stand-alone process. It assumes that detachment is a separate phase of the soil erosion process and that soil detachment is independent of the magnitude of the sediment load (Meyer and Wischmeier, 1969; Hairsine and Rose, 1992) . Th e second approach is predicting soil detachment using probability density functions. Th ere have been several attempts to model erosion by relating the probability of soil detachment to an excess of erosion forces (Nearing, 1991; Wilson, 1993; Sidorchuk, 2005; Knapen et al., 2007) . Th e third approach is modeling detachment as a function of transport capacity defi cit. Th is approach is based on a fi rst-order detachment-transport coupling equation proposed by Foster and Meyer (1972) [2]
where K r is the rill soil erodibility (s m −1 ), τ s is the fl ow shear stress acting on the soil (Pa), and τ c is the critical shear stress of the soil (Pa). Flow shear stress is calculated by
where γ is the specifi c weight of water (kg m −2 s −2 ), R is the hydraulic radius (m), and S is the slope gradient (m m −1 ). Th e transport capacity, T c , can be calculated by fl ow shear stress or other hydraulic variables. In the Water Erosion Prediction Project (WEPP) model , T c is estimated as 3/2 c t
where K t is a transport coeffi cient and is calibrated by the transport capacity at the end of the slope using the Yalin bed load equation (Yalin, 1963; Finkner et al., 1989) . Equation [1] states that the detachment rate is proportional to the diff erence between the transport capacity and the sediment load.
As shown in Fig. 1 , Nearing et al. (1990) described the detachment-transport coupling of Foster and Meyer (1972) as a straight line between two end points, one at the detachment capacity when the sediment load is zero and the other at the Quantifying the eff ect of sediment load on the detachment rate is crucial to understand soil erosion processes and develop physically based soil erosion models. Many recent studies attempted to quantify the feedback relationship between sediment load and detachment rate. To date, however, the eff ects of sediment load on detachment rate are still unclear. Th e objectives of this study were to examine the potential eff ects of sediment load on detachment rates and to examine the widely assumed linear relationship between sediment load and detachment rate in rills under controlled conditions. Experiments were performed in a hydraulic fl ume with constant roughness. Slope gradient (S) varied from 8.8 to 46.6% and unit fl ow rate (q) from 1.25 to 5.00 × 10 −3 m 2 s −1 . Detachment rates were measured under diff erent sediment loads, which were 0 (clear water), 25, 50, 75, and 100% of the sediment transport capacity (T c ) for 20 combinations of q and S. Results showed that detachment rates decreased as sediment load increased. Discrepancies in declining patterns of detachment rates were observed. Regression results indicated that 16 combinations of q and S were best simulated by linear feedback relationships, while four combinations were best fi tted to exponential functions. Both predicted detachment capacity (D c ) and T c by linear relationships agreed well with the corresponding measured values (R 2 = 0.99, Nash-Sutcliff e effi ciency [NSE] = 0.97 for D c ; R 2 = 0.99, NSE = 0.98 for T c ). Th e predicted detachment rate by a fi rst-order coupling equation agreed with the measured data (R 2 = 0.94, NSE ≥ 0.92). Overall, the feedback relationship between sediment load and detachment rate in this fl ume study could be adequately represented by the fi rst-order coupling equation.
Abbreviations: MAE, mean absolute error; ME, maximum error; NSE, coeffi cient of Nash-Sutcliff e effi ciency; WEPP, Water Erosion Prediction Project. transport capacity when the detachment rate is zero. A plausible physical explanation for the decreasing detachment rate as the sediment load increases is that less fl ow energy is available to detach soil or entrain sediment as increasingly more energy is used to transport the sediment. Huang et al. (1996) conducted a fi eld experiment to examine the validity of the detachment-transport coupling concept and their results showed that rill detachment and transport were not coupled processes. Experimental data supported the Meyer and Wischmeier (1969) model concept, in which detachment and transport processes were separated and sediment delivery was limited to the lesser of the two. Cochrane and Flanagan (1997) studied the eff ect of water fl ow rate and incoming sediment concentration on the detachment rate of sand in a simulated rill using a hydraulic fl ume with a constant slope. Th e results showed that all the experiments were qualitatively compatible with the sediment feedback term. Merten et al. (2001) studied the variation of soil detachment with fl ume length and the eff ect of sediment load on the detachment rate in an 8-m-long fl ume at 5% slope. A sieved sandy loam soil was used. Th e sediment was injected into the fl ume by a sediment feeder. Th e results indicated that the detachment rate decreased and deposition increased as a linear function of the amount of sediment introduced into the fl ow; however, discrepancies in the decreasing patterns of soil erosion were reported. Lei et al. (2002) conducted fl ume experiments to study the eff ect of sediment load on the detachment rate and concluded that detachment rates decreased exponentially as sediment load increased. But in a detailed inspection of their data, Govers et al. (2007) found that such a decline was only clear on steep slopes (>15°).
Gimenez and Govers (2002) compared detachment rates by concentrated fl ow between small samples with smooth surfaces and natural rills with rough irregular surfaces. Th ey found that total shear stress, rather than grain shear stress or unit stream power, controlled fl ow detachment. Th is result implied that the coupling relationship between detachment and sediment load was more complex than the fi rst-order coupling concept proposed by Foster and Meyer (1972) . Polyakov and Nearing (2003) performed experiments to determine whether the sediment transport capacity was a unique value for a given soil, fl ow rate, and slope, and to determine whether the equilibrium sediment concentration in the rill obtained by detachment was diff erent from that observed under depositional conditions. Experiments on a loam soil simulated rill erosion under net detachment and net deposition conditions. Two fl ow rates and two sediment input regimes of zero and excess of transport capacity were tested on soil beds with lengths of 2, 4, 6, 7, and 8 m at a 7% slope. Th ey concluded that the equilibrium sediment concentrations obtained were signifi cantly diff erent, thereby questioning the concept of a single transport capacity. Zhang et al. (2005) validated WEPP sediment feedback relationships using spatially distributed rill erosion data. Four rare earth element (REE) oxide powders were separately mixed with a loess silt loam soil, and each mix was packed in a 1-m segment of a 4-m fl ume. Th ree slopes and fi ve fl ow rates were used. Th e results showed that net rill detachment rates tended to decrease linearly as sediment loads increased in the downslope direction. Th e WEPP-calculated and REE-measured rill detachment rates agreed reasonably well, with the model effi ciency being 0.511. Lei et al. (2006) used REEs to study the distribution of erosion along simulated rills. Th e results indicated that sediment load increased linearly with rill length on slope gradients of 5 and 10° and implied no or very little eff ects of sediment load on detachment rates. But when the slope gradient was >15°, the sediment load no longer increased linearly with rill length but increased asymptotically to transport capacity. Th is study indicated that the feedback relationship between sediment load and detachment rate is complex and probably related to slope gradient. Govers et al. (2007) summarized the current studies related to the detachment-sediment coupling approach. Th ey concluded that the available experimental evidence on sediment loaddetachment interaction was ambiguous. While there was clear evidence that the sediment load aff ected the detachment rate in some cases, it was questionable whether a fi rst-order coupling model is indeed the best possible formulation of their interaction. Th e most important reason for the diffi culties in interpreting the experimental results is perhaps that it is very diffi cult to study the eff ect of sediment load on the detachment process in isolation. More systematic experimental studies that are specifically designed to isolate the eff ect of sediment load are needed before a generally acceptable model can be formulated.
Based on a comparison of exponents of fl ow discharge in theoretical functions for estimating detachment capacity and transport capacity, Govers et al. (2007) found that, on a natural slope, transport capacity increased far more rapidly with discharge than detachment capacity. As a consequence, the diff erence between the actual load and the sediment transport capacity will increase with distance downslope on a rectilinear slope. Th ey concluded that the eff ect of sediment load on fl ow detachment was likely to become smaller with distance downslope and was likely to be negligible as the slope gradient remained constant in the downslope direction.
As mentioned above, some studies have indicated that detachment rates were signifi cantly aff ected by sediment load (Cochrane and Flanagan, 1997; Merten et al., 2001; Lei et al., 2002; Zhang et al., 2005) , while some other studies showed that sediment load had small or negligible eff ects on the detachment rate in rills (Polyakov and Nearing, 2003; Lei et al., 2006; Govers et al., 2007) . It is still unclear whether the fi rst-order coupling concept proposed by Foster and Meyer (1972) is suitable to simulate the eff ects of sediment load on the detachment rate in rills. Further studies are necessary to determine the quantitative eff ects of sediment load on detachment rate in rills, especially on steep slopes.
Th e objectives of this study were to examine the potential eff ects of sediment load on detachment rates and to examine the quantitative relationship between sediment load and detachment rate under controlled conditions on steep slopes.
MATERIALS AND METHODS
Th e soil used for detachment measurement was a Haplustalf taken from the Shixia catchment of Miyun, China. Th e soil contained 10.8% clay, 39.7% silt, and 49.5% sand. Th e organic matter content was 2.53%. Th e soil was sieved through a 2-mm sieve, and the sieved soils were used for detachment measurement.
Th e experiments were performed in a 5-m-long, 0.4-m-wide hydraulic fl ume. Th e bed slope of the fl ume could be adjusted up to 60%. Th e test sediment, with a median diameter of 280 μm, was glued on the surface of the fl ume bed to simulate the natural surface roughness and remained constant during the experiments. Flow discharge was measured directly by a calibrated fl ow meter. Flow depth was measured using a level probe at 0.6 m above the lower end of the fl ume. Flow surface velocity was measured using a leading-edge fl uorescent dye technique. Detailed procedures for the hydraulic measurements can be found in Zhang et al. (2009) . A series of 20 combinations of fl ow discharge (1.25, 2.50, 3.75, and 5.00 × 10 −3 m 2 s −1 ) and fl ume bed slope (8.8, 17.6, 26.8, 36 .4, and 46.6%) was tested.
Th e sediment transport capacity measured in Zhang et al. (2009) was used in this study as a reference to set the sediment-feeding rate for each combination of fl ow discharge and slope gradient and to compare it with the transport capacity predicted by the linear regression function.
Th e soil was wetted by light spraying to a water content of 18% and allowed to equilibrate for 48 h in a plastic bucket. Th e wetted soil was packed into 10-cm-diameter organic glass cylinders to a bulk density of 1200 kg m −3 and a depth of 5 cm. Th e soil samples were then placed in a container to be saturated. Th e water level was increased gradually (fi ve steps) to 0.5 cm below the sample surface and maintained for 24 h. Before testing, the soil sample was removed from the container and placed in a hole, located 0.6 m above the lower end of the fl ume, with the sample surface fl ush with the fl ume bed.
To simulate the potential eff ects of sediment load on the detachment rate, diff erent sediment loads were delivered by a sediment hopper, based on the previously measured sediment transport capacity for each combination of fl ow discharge and slope gradient (Zhang et al., 2009) . Th e sediment feeding rates were 0, 25, 50, 75, and 100% of the transport capacity for each combination of fl ow discharge and slope gradient.
Th e soil detachment rate (mass per unit area per unit time) was calculated as the total soil loss (original oven-dry mass minus fi nal ovendry mass in the cylinder) divided by the duration of the test and the soil sample cross-sectional area. Th e test period was adjusted to keep a similar scouring depth of the soil samples to minimize the infl uence of uneven detachment within the sample ring. Five samples were tested for each treatment as quickly as possible aft er the fl ow and sediment became stable and the average was considered as the detachment rate for that combination of fl ow rate, slope gradient, and sediment load. A series of 100 trials (4 fl ow rates × 5 slope gradients × 5 sediment loads) was used.
Th e mean absolute error (MAE), the relative root mean square error, the maximum error (ME), the relative error, the coeffi cient of Nash-Sutcliff e model effi ciency (NSE), and the coeffi cient of determination (R 2 ) were used to verify the quantitative relationship between sediment load and detachment rate. Th e calculation formulae for these statistical terms are
where O i is the observed value, P i is the predicted value, and n is the number of data, and
Th e calculation formulae for the other four statistical indices can be found in Zhang et al. (2009) .
RESULTS AND DISCUSSION
Th e measured detachment rate was the detachment capacity when the sediment load was zero (clear water). Th e measured detachment capacity increased as the fl ow discharge and slope gradient increased. Th e relationship was a power function for both fl ow rate and slope gradient. Multivariate, nonlinear regression analyses between detachment capacity, fl ow discharge, and slope gradient produced a relationship of where D c is the detachment capacity (kg m −2 s −1 ), q is the unit fl ow rate (m 2 s −1 ), and S is the slope gradient (m m −1 ). In general, Eq.
[7] fi tted the measured detachment capacity satisfactorily, with a coeffi cient of determination of 0.97 (Fig. 2) . Th is result corroborated that detachment capacity could be simulated by a power function of fl ow rate and slope gradient (Zhang et al., , 2003 . In this study, disturbed soil samples prepared by hand packing were used. Zhang et al. (2003) found that the detachment capacities of natural undisturbed soil samples were much less than the detachment capacities of disturbed soil samples. Comparing the ratios of the detachment capacities from disturbed soil to natural undisturbed soil showed that three-fourths of the ratios were >4; however, a clear linear relationship in detachment capacities existed between disturbed and undisturbed soil samples. Th is implied that the detachment capacity measured in the current study was greater than the actual detachment capacity in rills, but it still could be used to analyze the relationship between detachment rate and sediment load.
Measured detachment rates under diff erent sediment loads are plotted in Fig. 3 . For all 20 combinations of fl ow rate and slope gradient, detachment rates decreased as sediment load increased. Detachment rates were greatest when the sediment load was zero. Most of the measured detachment rates were close to zero when the sediment load equaled the transport capacity. Th e results clearly showed the feedback eff ect of sediment load on the detachment rate of downward scouring in rills. Th ese results were consistent with some previous studies (Huang et al., 1996; Cochrane and Flanagan, 1997; Merten et al., 2001; Lei et al., 2002; Zhang et al., 2005) . Th ere were discrepancies in the declining patterns, however; convex, uniform, and concave patterns were observed. Neither fl ow discharge nor slope gradient explained the diff erences in the declining patterns.
Regression results indicated that linear functions simulated the relationship between detachment rate and sediment load best in this study. Linear functions fi tted better for 16 combinations of fl ow discharge and slope gradient, with the coeffi cients of determination >0.89 (Table 1) . Exponential functions fi tted better, however, for the other four combinations (indicated by ¶ in Table 1) , three of which appeared on the 8.8% slope and one on the 46.6% slope, indicating that the best-fi tting exponential functions for those four combinations were not related to slope gradient and were probably caused by random errors in the measurements of either the detachment rate or the transport capacity. For comparison and consistency, the linear functions for the four combinations are listed in Table 1 . Th e coeffi cients of determination varied from 0.82 to 0.95, indicating that the linear approximation of the sediment feedback eff ect is acceptable.
To further examine the coupling concept between the detachment rate and sediment load proposed by Foster and Meyer (1972) , detachment capacity and transport capacity were predicted using the linear regression functions (Table 1) and compared with the measured data. Th e predicted detachment capacity was the intercept of the linear function on the axis of detachment rate, and the predicted transport capacity was the intercept of the linear function on the axis of sediment load, as illustrated in Fig. 1 .
As shown in Fig. 4 and Table 2 , the estimated detachment capacity (D ce in Table 1 ) using a linear regression function matched the measured detachment capacity very well (R 2 = 0.99, NSE = 0.97). Th e MAE was 0.07 kg m −2 s −1 and the ME was 0.30 kg m −2 s −1 . Th e relative error varied from −16.6 to 9.1%. Considerable disparity was found, however, when the detachment capacity was >1.30 kg m −2 s −1 (Fig. 4) .
Th e estimated transport capacity (T ce in Table 1 ) compared well with the measured transport capacity in Fig. 5 . Th e transport capacity estimated by the linear regression functions agreed with the measured transport capacity (R 2 = 0.99, NSE = 0.98). Th e MAE was 0.27 kg m −2 s −1 and the maximum error was 0.82 kg m −1 s −1 . Th e relative error varied from −6.9 to 37.7% and the relative root mean square error was 0.11 (Table 2) . Th e close agreement between the measured and estimated transport capacity implied that the soil, with 50% sand and 40% silt, behaved similarly to the river sediment in terms of the maximum equilibrium sediment loads (T c ).
Detachment rates under the other three sediment loads (25, 50, and 75% of T c ) were calculated using Eq. [1] based on the measured detachment capacity and transport capacity as well as sediment feeding rate (sediment load) and compared with measured detachment rates. In general, the simulated detachment rates fi tted the measured detachment rates reasonably well (R 2 = 0.86, NSE = 0.74). Th e MAE was 0.09 kg m −2 s −1 and the ME was 0.55 kg m −2 s −1 . Th e relative error ranged from −91.1% to 188.4%. Th e relative root mean square error was 0.50 and was much greater than those for detachment capacity and transport capacity (Table  2) . Although the agreement was worse than the estimated detachment capacity and transport capacity (Table 2) , the predicted detachment rates still agreed satisfactorily with the measured values. Th e lesser agreement for D r than for D c and T c might be due to the imperfect experimental design. Th e D c and T c in Eq. [1] were meant for the same soil or sediment, but we used the soil to measure D c and riverbed sediment to measure T c in this study. Th e diff erence between soil T c and sediment T c might have contributed somewhat to the disagreement. Th e overall predicted detachment rates are compared with measured values in Fig. 6 and Table 2 for all 100 data sets, in which the 20 D c and 20 T c data sets of both measured and predicted by linear functions were included (Table 1) . It was found that the predicted detachment rates agreed satisfactorily with the measured values (R 2 = 0.94, NSE = 0.92). Th e MAE was 0.06 and the relative root mean square error was 0.37.
To our knowledge, at least two interpretations can explain the feedback relationship between sediment load and detachment rate. In this study, a nonerodible bed was used and the roughness remained constant between and during experiments. For a certain combination of fl ow discharge and slope gradient, the energy of fl ow was constant. Th erefore, when the energy used for sediment transport increased as sediment load increased, less energy was available for soil detachment (Moore and Burch, 1986) . Th e second interpretation was proposed by Nearing (1991) and Wilson (1993) , as well as Cochrane and Flanagan (1997) . Th e localized turbulent burst, which is the principal agent responsible for soil detachment, decreased as sediment load increased.
Th e slope gradient of this study was up to 46.6% and was much steeper than the usually adopted upper limit of slope gradient in related studies. Th e results of this study show that the linear feedback relationship between sediment load and detachment rate is not related to slope gradient. It indicated that the linear feedback relationship could be used to simulate soil erosion processes in rills on both gentle and steep slopes.
In this study, sediment transport capacity was reached by using an artifi cial sediment feeder. Under natural conditions, it is still unclear whether the detachment process provides enough sediment to match the transport capacity of fl ow in rills . Under fi eld conditions, however, interrill areas supply sediment to rills, as well as sediment accumulating along the rills, which was not simulated in this study. Further systematic experimental studies are needed to evaluate whether the transport capacity could be reached in rills under natural conditions at diff erent slopes.
CONCLUSIONS
Controlled studies are needed to examine whether the quantitative relationship between sediment load and detachment rate can be described by the fi rst-order coupling equation presented by Foster and Meyer (1972) for understanding soil erosion processes and developing a physically based erosion model. Th e potential eff ect of sediment load on the detachment rate was studied in a hydraulic fl ume under diff erent fl ow discharge, slope gradient, and sediment load conditions. Th e results indicated that the feedback eff ect of sediment transport on soil detachment really existed in the relationship between the sediment load and the detachment rate of downward scouring in rills. Regression results showed that linear functions best simulated the relationship between the detachment rate and sediment load for most cases in this study. Th e detachment rate decreased as a linear function of the sediment load. Th e overall results indicated that the feedback relationship between sediment load and detachment rate could be adequately represented by the fi rstorder coupling equation of Foster and Meyer (1972) and could be used to simulate soil erosion processes in rills on both gentle and steep slopes. Table 2 . Statistics between measured and fi tted results using the fi rstorder coupling concept proposed by Foster and Meyer (1972 
